atherosclerosis ͉ dysfunctional HDL ͉ hypochlorous acid ͉ inflammation ͉ methionine sulfoxide reductase
G
enetic, epidemiological, and clinical studies indicate that HDL is cardioprotective (1) . A critical mechanism is reverse cholesterol transport (2) , in which HDL accepts cholesterol from macrophage foam cells in the artery wall and transports it back to the liver for excretion (3) . Strong evidence for this process in humans was provided by the identification of the molecular defects in Tangier disease as mutations in ABCA1. This membrane transporter exports free cholesterol to poorly lipidated apoA-I, the major HDL protein (3) . Lecithin:cholesterol acyltransferase (LCAT), which is bound to HDL, then converts free cholesterol to cholesteryl ester, making it sufficiently hydrophobic to be sequestered in the core of the HDL particle (2, 4) .
It has been proposed that HDL's cardioprotective effects also depend on the types of particles generated in vivo (5, 6) , and that HDL in humans with established cardiovascular disease is dysfunctional (7) . Indeed, animal studies convincingly demonstrate that genetically engineered changes in HDL metabolism can promote atherosclerosis that is independent of plasma levels of HDL cholesterol (7) . The failure of recent clinical trials of an HDL-elevating therapy suggests that these observations may be relevant to human vascular disease (8) .
One important pathway for generating dysfunctional HDL may involve oxidative damage by myeloperoxidase (MPO), a heme protein expressed at high levels by macrophages in human atherosclerotic tissue (9) . The enzyme uses hydrogen peroxide (H 2 O 2 ) and chloride ion to produce hypochlorous acid (HOCl), which converts Tyr to 3-chlorotyrosine (10, 11), a stable fingerprint of MPO activity in vivo (12) . Oxidation of Tyr and Met residues in apoA-I dramatically impairs the protein's ability to promote cholesterol efflux by the ABCA1 pathway (13) (14) (15) . Levels of 3-chlorotyrosine are markedly higher in circulating HDL isolated from patients with cardiovascular disease than in HDL isolated from controls (13, 16, 17) , indicating that MPO targets HDL for oxidation in humans.
Met residues may serve as protein-bound antioxidants that sense oxidative stress and regulate cellular behavior (18, 19) . For example, methionine sulfoxide [Met(O)], has been detected in circulating HDL of humans (20) , and reactive intermediates are implicated in impairment of LCAT activity (21) (22) (23) (24) (25) . Moreover, it was recently shown that the Met(O) content of apoA-I is elevated in human type 1 diabetes, a disorder strongly associated with increased levels of oxidative stress (26) . Because a single Met residue, Met-148, lies in the LCAT activation domain of apoA-I (27), we investigated the role of Met oxidation in the loss of LCAT activity that occurs when MPO oxidizes apoA-I. Our observations indicate that oxidation of Met-148 impairs apoA-I's ability to activate LCAT, suggesting that Met(O) impairs reverse cholesterol transport in the artery wall.
Results

HDL3
Oxidized by MPO Loses Its Ability to Activate LCAT. We initially centered our studies in HDL 3 , the dense subfraction of HDL. HDL 3 exposed to increasing concentrations of HOCl or H 2 O 2 in the complete MPO-H 2 O 2 -chloride system progressively lost the ability to activate LCAT (Fig. 1A) . In both cases, HDL 3 lost Ϸ45% of its LCAT activity when it was exposed to a 10-fold molar ratio of oxidant (mol/mol, oxidant/apoA-I).
MPO Oxidizes Specific Residues of ApoA-I. The side chains in the three Met, four Trp, and seven Tyr residues in apoA-I are potentially susceptible to oxidation (28, 29) . To determine whether MPO can oxidize these amino acids, we exposed HDL 3 to HOCl or the MPO-H 2 O 2 -chloride system, digested apoA-I with trypsin or Glu-C, and used liquid chromatographyelectrospray ionization-MS/MS to analyze the resulting peptide mixture. Together, peptides from tryptic and Glu-C digests span the entire sequence of apoA-I.
We used the loss of precursor peptides to determine which amino acids were targets of HOCl or the MPO system. Peptide loss was quantified by isotope dilution by using 15 N-labeled apoA-I as an internal standard. We first focused on Met residues because of their high reactivity with HOCl (28, 29) and proposed role in activating the cholesterol export activity of ABCA1 (15) . When HDL 3 was exposed to a 20-fold molar ratio of oxidant to apoA-I protein, isotope dilution revealed that all three peptides containing a Met residue were lost quantitatively (95%, 100%, and 80% for Met-86, Met-112, and Met-148, respectively) ( Fig.  2) , suggesting that the amino acid's thiol ether side chain was a major target for MPO. In contrast, there was no evidence of peptide loss in several regions of the protein composed of oxidation-resistant residues (amino acids 41-45, 78-85, and 196-235) (Fig. 2) .
We used the same approach to monitor the loss of peptides containing Trp or Tyr from HDL 3 . All four peptides containing Trp were lost in significant yield (90%, 80%, 40%, and 30% for Trp-72, Trp-108, Trp-8, and Trp-50, respectively) (Fig. 2) . In contrast, only two of the five peptides containing Tyr (Tyr-192 and Tyr-236) showed significant losses (40% and 25%, respectively) (Fig. 2) . Because a 20-fold molar ratio of HOCl caused HDL 3 to lose Ϸ65% of its ability to activate LCAT (Fig. 1 A) , these observations suggest that oxidation of one or more of the three Met residues and/or four Trp residues might impair reverse cholesterol transport by apoA-I. It is noteworthy that three peptides (amino acids 63-70, 89-96, and 140-147) that lack oxidation-sensitive amino acids were also significantly lost (40%, 15%, and 55%, respectively) (Fig. 2) . One possible explanation is that oxidation of Trp-72, Met-86, and Met-148 might induce local conformational changes that decrease apoA-I's susceptibility to proteolytic degradation.
MPO Quantitatively Converts Met Residues to Met(O) and Tyr Residues
to 3-Chlorotyrosine. We used MS/MS analysis and reconstructed chromatograms of digests of HDL 3 exposed to HOCl or the MPO system (14, 15, 30) (Fig. S1B ). This likely reflects difficulties in using MS to detect all potential Trp oxidation products (31) . Taken together, these observations indicate that exposing apoA-I to MPO converts Met residues and Trp-72 in near-quantitative yield to Met(O) and oxygenated Trp, respectively. The other three Trp residues are also susceptible to oxidation by MPO (30-70% loss of precursor peptide), but the major products have yet to be identified.
Oxidation of Met-148 and Trp-72 Associates Strongly with Loss of LCAT
Activity. Oxidation of peptides containing Met-148 or Trp-72 from HDL 3 exposed to the MPO-H 2 O 2 -Cl Ϫ system associated strongly with the loss of LCAT activity (Fig. 1B) . Importantly, the ratio of LCAT inhibition to oxidation of these two amino acids was Ϸ1:1, which suggests that oxidation of those two residues might impair apoA-I's ability to activate LCAT. In contrast, there was little correlation between LCAT activity and the loss of peptides containing other Met, Trp, or Tyr residues (Fig. 1B) . We obtained similar results when we exposed HDL 3 to HOCl (data not shown).
Peroxynitrite Poorly Oxidizes Met-148 and Is a Weak Inhibitor of LCAT
Activation by HDL3. We next compared the ability of peroxynitrite (ONOO Ϫ ), a powerful oxidant derived from NO (14, 50) , to inhibit HDL 3 's LCAT activity with those of HOCl and the MPO-H 2 O 2 -chloride system. At a 25-fold molar ratio of oxidant, HOCl reduced LCAT activity by Ϸ85%, whereas ONOO Ϫ decreased it by only Ϸ20% (Fig. S2A) . MS/MS analysis of tryptic and Glu-C digests of oxidized HDL 3 revealed that ONOO Ϫ had oxidized Ϸ60% of Met-86, Ϸ90% of Met-112, and Ϸ20% of Met-148, whereas HOCl had oxidized Ϸ70% of Met-148 and almost 100% of Met-86 and Met-112 (Fig. S2B) . In HOCl- Loss of precursor peptides of apoA-I in HDL3 exposed to the complete MPO system. HDL 3 was exposed to a 20-fold molar ratio of H2O2 in the MPO system. A mixture of 7 g oxidized HDL3 or control HDL3 and 2.5 g of 15 N-labeled apoA-I was digested with trypsin or Glu-C. After liquid chromatography-electrospray ionization-MS/MS (LC-ESI-MS/MS) analysis, the ratio of precursor peptides derived from apoA-I in oxidized HDL 3 or control HDL3 relative to 15 N-labeled peptides derived from 15 N-labeled apoA-I was calculated from extracted ion chromatograms. Results are from two independent experiments.
oxidized HDL 3 , Tyr-192 was the single major site of chlorination (Ϸ20% product yield) (Fig. S2C) . In contrast, all seven Tyr residues were nitrated to similar extents by ONOO Ϫ (15-30% product yield) (Fig. S2D) , and Trp oxidation products were undetectable at this molar ratio of ONOO Ϫ . These results indicate that ONOO Ϫ is relatively inefficient at oxidizing Met residues in apoA-I under our experimental conditions, and that oxidation of Met-148 associates with the loss of LCAT activation. In contrast, Trp oxidation and Tyr nitration did not associate with the loss of LCAT activation.
Oxidation of ApoA-I Decreases the Protein's Apparent Km and Vmax in
the LCAT Reaction. To investigate the kinetic parameters for cholesteryl ester formation by LCAT, we constructed LineweaverBurk plots (32) by using HDL 3 exposed to a 25-fold molar ratio of oxidant (HOCl, MPO, or ONOO Ϫ ) (Fig. S3) . The overall ability of HOCl-or MPO-oxidized HDL 3 to activate LCAT (the apparent V max /K m values) was reduced Ϸ3-fold. In contrast, the overall LCAT activity (the apparent V max /K m value) of ONOO Ϫ -oxidized HDL 3 was comparable to that of control HDL 3 (Table S1 ).
Enzymatic Reduction of Met(O) to Met
Restores the LCAT Activity of HDL3 Exposed to HOCl or MPO. PilB, a bacterial methionine sulfoxide reductase, reduces both the S and R epimers of Met(O) back to Met (45) . To assess the contribution of Met oxidation to the loss of LCAT activity, we incubated HOCl-or MPO-oxidized HDL 3 with PilB and 15 mM DTT. We then assessed the lipoprotein's ability to activate LCAT and used MS/MS to analyze its Met(O) and Met content. Although PilB completely converts all three Met sulfoxide residues of lipid-free apoA-I back to Met (15) , MS/MS analysis revealed that it reduced only Ϸ50% of the oxidized Met-112 in lipid-associated apoA-I. In contrast, PilB almost completely reduced oxidized Met-148 and Met-86 (Fig. S4) . At a 25-fold molar ratio of oxidant, HDL 3 exposed to HOCl or H 2 O 2 in the MPO-chloride system lost Ϸ80% of its LCAT activity (Fig. 3, open bars) . Incubation of HOCl-or MPO-exposed HDL 3 with PilB caused a 3.5-fold increase in the lipoprotein's ability to activate LCAT (Fig. 3 , filled bars). This observation strongly implicates Met oxidation in the loss of LCAT activity that is seen after HDL 3 is exposed to HOCl or the MPO-H 2 O 2 -chloride system.
HOCl Targets Met and Trp Residues of ApoA-I for Oxidation in
Recombinant HDL (rHDL). Discoidal rHDL is thought to mimic the nascent, poorly lipidated apoA-I particles that are the earliest substrates of LCAT in reverse cholesterol transport (3, 33, 34) . We therefore used 9.6 nm rHDL particles (prepared from apoA-I, free cholesterol, and 1-palmitoyl-2-oleoyl-sn-glycerophosphocholine by cholate dialysis) to determine whether HOCl or MPO can alter apoA-I's ability to activate LCAT. rHDL particles exposed to increasing concentrations of HOCl or peroxide in the complete MPO system progressively lost their ability to activate LCAT (data not shown). In each case, Ϸ50% of the LCAT activity was lost at a 20-fold molar ratio of oxidant.
Loss of precursor peptides in rHDL was quantified by isotope dilution by using 15 N-labeled apoA-I as an internal standard. Using both the tryptic and Glu-C digests, we plotted the loss of precursor peptide against the amino acid position in apoA-I (Fig.  S5A) . At a 20-fold molar ratio of HOCl, the precursor peptide containing Met-112 almost completely disappeared. Approximately 90% of the precursor peptides containing Trp-108 or Met-86 was also lost, as was Ϸ80% of the precursor containing Trp-72 and 65% of the precursor containing Met-148. Peptides containing Trp-8, Trp-50, Tyr-192, or Tyr 236 were also oxidized significantly (30-50%). We observed similar results when we used the MPO-H 2 O 2 -chloride system (data not shown).
We then used reconstructed ion chromatograms to monitor the formation of oxidized amino acids in the discoidal particles. There was a strong linear relationship between oxidation of Trp-72 and Met-148 and the loss of LCAT activity of apoA-I in rHDL. In contrast, oxidation of other Trp and Met residues and chlorination of Tyr-192 or Tyr-166 did not associate quantitatively with decreased LCAT activation (Fig. S5B) . These observations are remarkably similar to those we observed when we exposed HDL 3 to HOCl or MPO, and they strongly suggest that oxidation of Met-148 and/or Trp-72 impairs apoA-I's LCAT activity.
rHDL Prepared with ApoA-I Lacking Trp Residues Is Not Protected from
Oxidative Inactivation by HOCl. Oxidation of Trp-72 in either HDL 3 or rHDL associated strongly with the loss of LCAT activity. We therefore engineered a mutant apoA-I protein by deleting all four Trp residues (⌬W mutant). The sequence of this ⌬W apoA-I mutant was confirmed by dideoxy DNA sequencing of the expression vector and MS analysis of the protein. The abilities of control or mutant rHDL particles to activate LCAT were comparable (Fig. 4A ) over a range of rHDL concentrations (data not shown), indicating that deleting apoA-I's Trp residues has little effect on the protein's secondary or tertiary structure in these particles. Importantly, exposing control and ⌬W apoA-I rHDL particles to HOCl impaired their ability to activate LCAT to a similar extent (Fig. 4B) . The overall patterns of peptide loss and amino acid oxidation were similar in HOCl-oxidized control and ⌬W apoA-I rHDL (data not shown). Our observations strongly suggest that oxidation of Trp residues in apoA-I does not greatly impair HDL's ability to activate LCAT. To determine whether oxidizing Met residues in apoA-I with HOCl or MPO impairs LCAT activity, we generated four mutant apoA-I proteins by replacing Met with Leu (Met86Leu, Met112Leu, Met148Leu, and Met86Leu/ Met112Leu/Met148Leu). The LCAT activity of Met3 Leu apoA-I was comparable to that of apoA-I prepared from control rHDL (Fig. 4A ) over a range of rHDL concentrations (data not shown). MS/MS analysis confirmed that the Met residues had been replaced by Leu, and that HOCl or the MPO system failed to oxidize Leu-86, Leu-112, or Leu-148.
We next compared the effects of oxidation on the ability of control and Met-substituted rHDL to activate LCAT. Both the Met148Leu and Met86Leu/Met112Leu/Met148Leu mutant rHDLs retained significant ability to activate LCAT after oxidation (Fig. 4C) . The Met86Leu mutant rHDL also appeared modestly resistant to oxidative inactivation (Fig. 4C) . As assessed by isotope dilution and reconstructed ion chromatograms, the overall patterns of peptide loss and amino acid oxidation were similar in control apoA-I and Met3Leu apoA-I after oxidation with HOCl (data not shown). Our observations strongly suggest that converting Met-148 to Met(O) significantly impairs HDL's ability to activate LCAT.
To determine whether oxidation of Tyr-166 or Tyr-192 impairs LCAT activity, we generated two additional apoA-I mutants: Tyr166Phe and Tyr192Phe/Met86Leu/Met112Leu/ Met148Leu (quadruple mutant). rHDLs prepared with either of these mutated apoA-I proteins showed a slight decrease (Ϸ20%) in LCAT activation compared with WT rHDL (Fig. 4A) . We then compared the effects of oxidation on the ability of control and Met-or Tyr-substituted apoA-I rHDL to activate LCAT. Both the Met86Leu/Met112Leu/Met148Leu and the quadruple mutant rHDLs retained significant ability to activate LCAT after oxidation (Fig. 4D) . However, the quadruple Tyr192Phe/ 3Met33Leu substitution did not show additional protection compared with the triple Met substitution (Fig. 4D) , indicating that oxidation of Tyr-192 did not contribute to the loss of activity. Similarly, the Tyr166Phe substitution failed to protect apoA-I from inactivation by HOCl (Fig. 4D ). Our observations suggest that oxidation of Tyr-166 or Tyr-192 of apoA-I does not make a major contribution to the impaired LCAT activity that occurs when HDL is oxidized by MPO.
Discussion
In the current studies, we demonstrated that oxidation of Met-148 by MPO impairs apoA-I's ability to activate LCAT, an enzyme that plays a central role in HDL maturation and reverse cholesterol transport (2, 4, 27, 33-35) . Moreover, we previously showed that oxidation of Met residues and Tyr-192 of apoA-I by MPO impairs cholesterol efflux by the ABCA1 pathway (15) . Taken together, our results indicate that Met oxidation inhibits two critical early events in reverse cholesterol transport: sterol export by ABCA1 and activation of LCAT.
Importantly, HDL isolated from subjects with established cardiovascular disease shows evidence of oxidation by MPO (13, 16, 17) . Similarly, HDL isolated from human atherosclerotic lesions contains Ϸ0.2-4 mmol of 3-chlorotyrosine per mol Tyr (13, 16, 17) , and this abnormal amino acid signifies damage by MPO (12) . Because HOCl, a major product of MPO, reacts with the thioether group of Met 800,000 times more rapidly than with the phenol group of Tyr (28), Met residues of apoA-I might be oxidized in near quantitative yield in the pericellular environment of the macrophage. Therefore, oxidation of Met in apoA-I may serve as a switch for generating dysfunctional HDL in humans.
We used two strategies to estimate the contribution of Met-148 oxidation to the loss of apoA-I's ability to activate LCAT. The first centered on methionine sulfoxide reductase, whose only known activity is to convert Met(O) to Met (36) . Treating oxidized HDL 3 with methionine sulfoxide reductase increased its LCAT activity from 20% to 70%, suggesting a major role for Met(O) in the loss of activity. MS and MS/MS analysis of the treated protein strongly supported the proposal that the enzyme made only one change in oxidized apoA-I: reduction of Met(O) to Met.
The second strategy was to mutate various residues of apoA-I to oxidation-resistant forms. The advantage of this approach is the ability to alter individual amino acids. A limitation is the possibility that the substituted amino acid(s) affects other properties of the protein. Indeed in our hands, the Tyr166Phe mutant lost 20% of its ability to activate LCAT. Using the mutation strategy, we showed that the Met148Leu mutant protein exposed to a relatively high concentration of HOCl retained twice as much activity as the WT protein (Ϸ50% vs. Ϸ25%). Altering all three Met residues offered no additional protection. The difference in the levels of protection provided by methionine sulfoxide reductase and the Met148Leu substitution may reflect differences in the mutant protein's intrinsic properties. Collectively, our observations provide strong evidence for the role of Met-148 in the oxidative inactivation of LCAT.
Levine et al. (18) suggested that Met functions as a proteinbound antioxidant. The observation that Met residues in apoA-I scavenge lipid hydroperoxides and block Tyr chlorination by HOCl is consistent with this suggestion (15, 37) . Importantly, Met is very hydrophobic, and oxidation of its thiol ether moiety markedly increases its hydrophilicity (19, 21, 38) . Therefore, Met oxidation clearly has the potential to alter HDL function because apoA-I's ␣-helical structure depends critically on hydrophobic amino acids, which form its lipid-and self-associating faces (33, 34, 38, 39) .
A key question is why oxidation of Met-148 destroys apoA-I's LCAT activity. Studies have shown that residues 143-164, located in repeat 6 of apoA-I, are crucial for LCAT activation (27) . Based on structural studies of discoidal rHDL, we recently proposed that a loop centered at position 139 and bordered by residues 133 and 146 partially overlaps the LCAT activation domain (40) . It is noteworthy that Met-148 lies next to residue 146 of this central loop.
We propose that oxidation of Met-148 diminishes apoA-I's ability to activate LCAT because it disrupts the central loop and the conformation of repeat 6. In this model, oxidation shifts Met-148 from the protein's hydrophobic face to its hydrophilic face, rotating the residue's orientation to the solvent. This relocation unwinds the ␣-helix between residues 145 and 148, shifting those lipid-associated residues into the central loop and thereby perturbing the LCAT activation site. This hypothesis assumes that the central loop is more dynamic (and hence more prone to structural perturbation) than the helical remainder of the apoA-I molecule, which is stabilized by salt bridges to a second molecule of apoA-I (33, 34) and by its association with phospholipids. Our observations may be of widespread importance because oxidation of Met residues in proteins could be a general mechanism for disrupting loop domains and the hydrophobic helix-lipid and helix-helix interactions that are key features of proteins.
Other structural or conformational changes that result from oxidizing apoA-I must also contribute to LCAT inactivation because reduction of Met(O) back to Met restored only Ϸ70% of the activity of MPO-oxidized HDL 3 . One potential mechanism involves irreversible unfolding of apoA-I (41). Consistent with the proposal that Met(O) exerts a localized effect on the conformation of apoA-I, analysis of HOCl-or MPO-oxidized HDL 3 by circular dichroism revealed that its apolipoproteins had lost Ͻ8% of their ␣-helical content (ref. 42 ; unpublished data).
Recently, Wu et al. (25) reported that Tyr-166 of apoA-I contributes to LCAT activation. In their study, rHDL prepared with a Tyr166Phe mutant of apoA-I lost 70% of its ability to activate LCAT. Wu et al. also reported an association between Tyr chlorination and LCAT inactivation. Based on these observations, they proposed that Tyr-166 chlorination accounted for oxidized apoA-I's inability to activate LCAT.
The conclusion that Tyr-166 is a quantitatively important target for oxidation was apparently based on the 70% loss of LCAT activity in Tyr166Phe apoA-I (25) . In contrast, the Tyr166Phe mutant protein we prepared lost only 20% of its activity. We used MS on the intact protein and MS/MS on tryptic and Glu-C digests of the Tyr166Phe mutant of apoA-I to verify the protein sequence. The discrepancy in LCAT activity of the mutant proteins in the two studies may reflect differences in the methods used to generate rHDL or other experimental conditions. Importantly, Wu et al. (25) found that only Ϸ1.8% of Tyr-166 was chlorinated when LCAT activity was inhibited by Ϸ50%. This result is very similar to our finding that Ͻ5% of Tyr-166 was chlorinated even when HDL was exposed to a high concentration of HOCl or H 2 O 2 in the MPO system. Thus, we found that chlorination of Tyr-166 could not account quantitatively for the loss of LCAT activity, and Wu et al. reported very similar results.
Our observations suggest the following model for oxidative regulation of reverse cholesterol transport by Met oxidation. Activated macrophages use a membrane-associated NADPH oxidase to produce locally high concentrations of H 2 O 2 . MPO converts H 2 O 2 to HOCl, which modifies specific Met and Tyr residues in pericellular apoA-I. Oxidized apoA-I lacks the ability to activate ABCA1 and LCAT, two key early events in cholesterol efflux from macrophages. Thus, oxidation of Met residues may play a critical role in impaired reverse cholesterol transport by apoA-I, promoting foam cell formation and atherogenesis.
In future studies, it will be of interest to determine whether oxidation also impairs cholesterol efflux by the ABCG1 and scavenger receptor class B1 (SR-B1) pathways, which are also implicated in macrophage cholesterol homeostasis.
Experimental Procedures
Isolation of HDL3, ApoA-I, MPO, and PilB. HDL3 (density 1.125-1.210 g/ml) was isolated from EDTA plasma of fasting adults by sequential ultracentrifugation (43) . ApoA-I, MPO (EC 1.11.1.7), and truncated PilB of Neisseria gonorrhoeae were isolated from HDL (43), human neutrophils (44) , and Escherichia coli (45) , respectively.
Bacterial Expression of ApoA-I. Control and mutated apoA-I were expressed in E. coli (46) . Individual substitution mutations within the human apoA-I cDNA were introduced by primer-directed PCR mutagenesis or mega-primer PCR. All mutations were verified by dideoxy automated fluorescent sequencing of cDNA and confirmed by MS analysis of the protein. 15 N-Labeled apoA-I was prepared by growing bacteria in minimal medium supplemented with [ 15 N]nitrite.
Preparation of rHDL. rHDL was prepared by sodium deoxycholate dialysis with a molar ratio of 1-palmitoyl-2-oleoyl-sn-glycero-phosphocholine (Avanti Polar Lipids):free cholesterol:apoA-I of 80:4:1 (47). After dialysis, rHDL was isolated by discontinuous gradient density ultracentrifugation. Then 9.6-nm diameter rHDL particles (47, 48) were isolated by high resolution size-exclusion chromatography. Electron microscopy and nondenaturing gel electrophoresis confirmed that rHDL was discoidal and exhibited a single subclass of particles with an average diameter of Ϸ9.6 nm (47).
Oxidation Reactions. Reactions were carried out at 37°C for 1 h in 10 mM sodium phosphate buffer (pH 7.4) containing 100 M diethylenetriaminepentaacetic acid (49) . For the MPO-H 2O2-chloride system, the reaction mixture was supplemented with 50 nM MPO and 100 mM NaCl. ONOO Ϫ was synthesized from nitrite and H 2O2 (50) . Concentrations of ONOO Ϫ , HOCl, and H2O2 were determined spectrophotometrically ( 302 ϭ 1,670 M Ϫ1 cm Ϫ1 , 292 ϭ 350 M Ϫ1 cm Ϫ1 , and 240 ϭ 39.4 M Ϫ1 cm Ϫ1 , respectively) (50 -52). Oxidized HDL was incubated with PilB (4:1, HDL:enzyme, wt/wt) for 2 h at 37°C in 25 mM Tris⅐HCl (pH 7.4) containing 15 mM DTT (15) .
LCAT Activity. LCAT purified from human plasma was provided by Dr. John Parks (Wake Forest University, NC). LCAT activation by HDL 3 or rHDL labeled with [1, [2] [3] H (N)]cholesterol was quantified by monitoring the conversion of free cholesterol to cholesteryl ester as described in ref. 47 .
Liquid Chromatography-Electrospray Ionization-MS. HDL was digested with sequencing grade modified trypsin (Promega) or sequencing grade endoproteinase Glu-C (Roche Applied Science) (14, 53, 54) . MS and MS/MS analyses were performed in the positive ion mode (mass range 200 -2,000 Da) with a Thermo-Finnigan LCQ Deca XP Plus instrument (14, 53, 54) .
Quantifying ApoA-I Oxidation. Peptide ion currents and two complementary MS methods were used to quantify oxidation of apoA-I. First, the loss of precursor peptides was quantified by isotope dilution, by using 15 N-labeled apoA-I as an internal standard added before digestion (55) . The loss of precursor peptide was calculated from the ratio of peak area of precursor peptide of apoA-I from HDL to the corresponding 15 N-labeled peptide of control 15 N-labeled apoA-I. Second, product yield of oxidized peptides was determined with reconstructed ion chromatograms of product and precursor peptides, calculated as: product yield (%) ϭ [(product ion peak area)/ (precursor ion peak area ϩ product ion peak area)] ϫ 100. This method assumes that all precursor peptide is converted into known oxidation products, and that the MS response characteristics of the product ions are similar to those of the precursor ion (54).
Statistical Analysis. Results are reported as means and standard deviations. Student's two-tailed, unpaired t test was used for statistical analyses, and P Ͻ 0.05 was considered significant.
